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ABSTRACT
SYNTHESES AND CHARACTERIZATION OF LINEARLY EXTENDED TROPYLIUM
SALTS AS N-TYPE ORGANIC SEMICONDUCTORS

BY
JINYU YANG
University of New Hampshire, September, 2015

Organic semiconductors have been of interest to scientists since the 1970s. However,
while much attention was focused on p-type organic semiconductors, n-type organic
semiconductors were seldom reported. In this thesis, a series of linearly extended tropylium salts
(LETS) were synthesized as n-type organic semiconductors and characterized by 1H NMR,

13
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NMR spectroscopy, MALDI-TOF-Mass spectrometry and UV-Vis spectroscopy. The proposed
synthetic strategy has proven highly suitable to synthesize LETS compounds. UV-Vis spectra of
LETS in solution have been studied as well as their stability. Linear extension of the backbones
has been found to be an effective way to improve the optical properties. With each addition of
one benzene ring to the backbone, the UV-Vis absorption can be red-shifted by about 170 nm
and the HOMO-LUMO gap can be narrowed by approximate 0.7±0.2 eV. While linear extension
of the LETS compounds improves their optical properties, it also reduces their stability, limiting
their potential applications. LETS compounds with low HOMO-LUMO gaps are short-life
species in solution. A detailed decomposition mechanism has not been studied, but nucleophilic
attack by residual water in the solution appears to be involved. Fortunately, all LETS compounds

xiii

were found to be stable in the solid state. In sealed vials stored in desiccators, they can be stored
for years with very little decomposition. Their potential use in solid-state, sealed device is worth
pursuing.

xiv

CHAPTER 1
INTRODUCTION

1.1 Origin of Organic Semiconductor Materials
Modern electronic devices have dramatically changed the world in nearly every field of
science and technology. However, the foundation of modern electronics, inorganic
semiconductors have begun to show drawbacks. The most commercially used inorganic
semiconductor material, known as crystalline silicon, has been labeled as "high cost and high
polluting" during the process of manufacture. Moreover, the rigid nature of crystalline silicon
makes it not applicable where flexible semiconductors components are needed. Conceptually,
"low cost, low polluting and highly flexible" organic semiconductors will be the ideal
alternatives.
In 1977, Alan Heeger and coworkers discovered electrical conductivity in chemically
doped polyacetylene (Figure 1) demonstrating that polymers could be used as electrically active
materials.1 This discovery resulted in considerable research on conjugated organic
semiconductor materials and Heeger shared the 2000 Nobel Prize in Chemistry for the discovery.

Figure 1. Polyacetylene.
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1.2 Classification of Organic Semiconductor Materials
1.2.1 Conjugated Polymers
Since Heeger’s work with polyacetylene, many organic semiconductor materials have
been reported. As electrical conductivity in organic semiconductors is based on the overlap of πbonds, conjugation is necessary in all organic semiconductors. Polypyrrole (PPy) (Figure 2, left)
was first synthesized in 1963 by Weiss2 through pyrolysis of tetraiodopyrrole at 100-200 °C.
However, the development was limited by poor mechanical and electrical properties of the
obtained

material

until

1979,

when

a

new

synthetic

method

called

oxidative

electropolymerization was discovered.3 Polythiophene (PT) (Figure 2, right) is another well
studied polymer semiconductor, and can be synthesized chemically4 and electrochemically.
Among these methods, the anodic electropolymerization of thiophene monomer is promising
because of several advantages including an absence of catalyst and easy control of film
thickness.5

Figure 2. Polypyrrole (left) and Polythiophene (right).

1.2.2 Small Molecules
All the organic semiconductors mentioned above are polymers, where the π-bonding
orbitals overlap is extended along the linear backbone. In other words, π-electrons are
delocalized along the polymer backbone which makes the polymer conductive. These polymers
are considered linear backbone conductive polymers. Small molecules can also be used as
organic semiconductors. These molecules are usually polycyclic aromatic compounds and their
2

derivatives which can be roughly divided into two classes: fused ring compounds and
heterocyclic oligomers. Compared with polymers, small molecule semiconductors possess
several advantages. They are more synthetically reproducible and the structures and properties of
small molecules can be fully studied by many characterization methods including NMR, singlecrystal X-ray diffraction (SXRD), cyclic voltammetry (CV) and ultraviolet-visible spectroscopy
(UV-Vis).
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) frontier orbital energy levels are important factors with respect to choice of
organic semiconductors, and they can be studied by either UV-Vis spectroscopy or cyclic
voltammetry.6 Electrochemical HOMO-LUMO gaps are determined from the first half-wave
potentials for oxidation (HOMO energy level) and reduction (LUMO energy level). Optical
HOMO-LUMO gaps are determined from the onset of lowest energy absorption in the UV-Vis
spectrum. Optical and electrochemical HOMO-LUMO gaps are not identical, but they are
closely related to one another. SXRD is utilized to identify the packing arrangements of
molecules in the crystal structure. Since the charge mobility of small molecule organic
semiconductors is based on π-π stacking, this technique is a crucial method among the
characterization methods.7

1.2.2.1 Fused Ring Compounds
Pentacene (Figure 3, left) is a highly conjugated aromatic compound consisting of five
linearly-fused benzene rings and has been found to possess excellent thin film mobility among
organic semiconductors. Pentacene-based organic thin-ﬁlm transistors with a mobility of 0.7
cm2/V‧s have been synthesized.8 The great mobility of pentacene is somewhat unusual because

3

the molecules stack in an edge to face or herringbone manner, thus resulting in less than ideal πorbital overlap. The low band gap of ~2 eV is also quite suitable for semiconductors.9 However,
a lack of stability in air and poor solubility limit further study and application. Pentacene can
undergo photoxidative process10 on its 6,13 positions when exposed to light and air (O2), so
considerable synthetic work designed to block these positions has been performed. A systematic
experimental study of a series of substituted pentacenes including halogenated, phenylated,
silylethynylated and thiolated derivatives was conducted11 and showed that both steric resistance
and electronic effects have influence on the persistence of pentacene derivatives. Among the
derivatives studied, 6,13-bis(phenylthio)pentacene (Figure 3, right) possessed the longest
solution-phase half-life of 1140 minutes, which is dramatically longer than bare pentacene (<10
min).

Figure 3. Pentacene (left) and Bis(phenylthio)pentacene (right).

1.2.2.2 Heterocyclic Oligomers
In oligomers, several monomer units are repeated. In contrast to a polymer, the number of
monomers is smaller. Heterocyclic oligomers can be treated as a small piece of heterocyclic
polymers. For example, α,ω-dihexyl-substituted sexithiophene12 (Figure 4) consists of 6
thiophenes units. Intermolecular charge transfer between heterocyclic oligomers is influenced by
π-π stacking. It was found that although face to face stacking oligomers show the widest UV-Vis
4

absorption, greater charge-transfer was observed when oligomers were tilted with π-π packing
angles of 40-60°.13 It was believed that tilted packing alignment leads to decreased electrostatic
repulsion and increased π-overlap.

Figure 4. α,ω-Dihexyl-substituted sexithiophene.

1.3 p-Type & n-Type Organic Semiconductors
From the perspective of charge carriers, organic semiconductors can be classified into ptype (hole-transporting) and n-type (electron-transporting). In p-type organic semiconductor
materials, charge mobility is mainly contributed by hole transporting. Compounds in this
category include pentacene and are usually electron rich. Thus, they donate electrons (donor)
when used in organic charge-transfer complexes (CT complex).14 Conversely, in n-type organic
semiconductor materials, charge mobility is mainly accomplished by electron transporting.
Compounds in this category are usually electron poor, such as fullerene (Figure 5), and always
accept electrons (acceptor) when used in organic CT complexes. Discovered in 1985 by Kroto,15
buckminsterfullerene (C60) has been extensively investigated as an n-type organic semiconductor
material because of its low, triply degenerate LUMO. Organic CT complexes are the
combination of n-type and p-type organic materials and the properties can be very different with
the parent materials, mostly in conductivity. Organic CT complexes have been widely used in
organic light emitting diodes (OLEDs), organic photovoltaic devices (OPVs), and organic fieldeffect transistors (OFETs).

5

Figure 5. Fullerene.
1.4 Application of Organic Semiconductors
1.4.1 Organic Light-emitting Diodes (OLED)
Poly(p-phenylene vinylene) (PPV) (Figure 6) was firstly synthesized by Jeremy
Burroughes16 and coworkers in 1990 and can be processed into a highly ordered thin crystalline
film through spin-coating. The thin film is robust and stable in air at room temperature and at
temperatures >300 °C in vacuum. This characteristic makes it a candidate in applications such as
organic light-emitting diodes (OLEDs). In OLEDs, a film of organic semiconductor material
works as the emissive electroluminescent layer, which emits light in response to an electric
current. Appropriate HOMO and LUMO frontier orbital energy levels of the organic
semiconductors are essential in OLED. In the basic OLED, Jeremy situated PPV between two
electrodes, the anode and cathode. When a voltage is applied across the OLED, electrons are
injected into the LUMO of the organic semiconductor at the cathode and holes are injected to the
HOMO at the anode. The recombination of electrons and a holes results in excitons, which are at
excited states and can readily relax to the ground state accompanied by the emission of radiation.
OLED displays can be thinner, lighter and clearer than inorganic LED displays.

Figure 6. Poly(p-phenylene vinylene).
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1.4.2 Organic Photovoltaic Devices (OPVs)
Organic photovoltaic devices (OPVs) or organic solar cells convert light to current. The
most common OPV is based on donor-acceptor (D-A) heterojunction architectures, in which the
active layer is comprised of a combination of both p-type and n-type organic materials. The basic
principles of OPVs is shown in Figure 7 below.17 Excitons form upon photoexcitation (step 1) in
the donor material and can diffuse (step 2) to the D-A interface, where dissociation (step 3) of
bound excitons forms geminate electron-hole pairs. The generated electrons and holes can then
be collected (step 4) by external electrodes.

Figure 7. Basic principles of OPVs.

The limiting step that influences the efficiency in OPVs is the process of diffusion (step
2). As the lifetime of excitons is short, the diffusion distance (LD) and the charge carrier mobility
limit the number of excitons that are able to reach the D-A interface. Excitons can only be
converted into “free” electrons and holes at the D-A interface. Otherwise, they will decay back to
the ground state. To harvest the most photons in step 1, it is necessary for the organic
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semiconductor to absorb visible, red and the near infrared light. The absorption region can be
red-shifted by decreasing the band gap of the material, so a small HOMO-LUMO gap is usually
preferred. An efficient “downhill” dissociation process (step 3) is also crucial for the entire
conversion. Generally speaking, a minimum difference of 0.3-0.4 eV is required between the
LUMO energy levels of the donor and acceptor.18
As mentioned above, obtaining an excellent D-A heterojunction is a very important part
of OPVs. Donor materials (p-type) have been extensively studied and some small molecules such
as pentacene and polythiophenes have been found to be acceptable p-type organic
semiconductors. However, acceptor (n-type) materials have become the "limiting reagent” in
OPVs research. Besides all the typical requirements for organic semiconductors, "n-type"
organic semiconductors must be electron deficient and must possess a low energy LUMO. Until
now, the only method explored to make organic semiconductor compounds electron deficient is
the attachment of functional groups that are electron withdrawing such as a halogen, a cyano or a
carbonyl group. Rylene diimide and its derivatives (Figure 8) are examples have been used as ntype acceptors in D-A heterojunction with high electron affinities and high electron mobility.19

Figure 8. PeryleneBisimide.
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1.5 Tropylium Ion Species as a Promising n-Type Organic Semiconductor Material
A second method, as yet underutilized, to achieve an n-type organic semiconductor
involves the creation of an electron poor π-system through the incorporation of atoms that been
formed positive charges. However, in order for such systems to be useful, the resulting
molecules must be stable. Tropylium ion20 is a planar aromatic species with a formula of
[C7H7]+. Salts of the tropylium cation can be quite stable, e.g., tropylium tetrafluoroborate
(Figure 9, left). The electronic structure of tropylium is stabilized through aromatization of the
seven-member ring. The tropylium cation is strongly electron deficient and possesses a low
energy LUMO, but a relatively large HOMO-LUMO gap. In order to be utilized as an n-type
organic semiconductor, the molecule requires a more highly extended π-system. To resolve this
problem, our experience with acenes was utilized. From naphthalene to pentacene, all with
linearly extended π-systems, shrinking of HOMO-LUMO gaps is observed. The extended
conjugation raises the HOMO levels while lowering the LUMO levels, thus resulting decreased
HOMO-LUMO gaps. Based on these observations, we expect that linearly extended tropylium
salts, or acenotropylium salts (Figure 9, right) will be promising n-type organic semiconductor
materials with electron deficiencies due to the positive charge and small HOMO-LUMO gaps
due to the extended π-systems. The emphasis of this thesis was focused on the syntheses and
characterization of a series of acenotropylium salts.

Figure 9. Tropylium tetrafluoroborate (left) and acenotropylium salt (right).
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CHAPTER 2
SYNTHESES AND CHARACTERIZATION

2.1 Proposed Synthetic Route
As discussed in chapter one, acene-fused tropylium salts are electron deficient molecules
that should be promising n-type organic semiconductor materials with low energy LUMOs and
small HOMO-LUMO gaps and electron deficiency. In this chapter, the syntheses and
characterizations of acene-fused tropylium salts will be detailed.
One traditional synthesis of tropylium salts involves treating cycloheptatriene with
triphenylmethyl carbonium tetrafluoroborate through a hydride-exchange reaction mechanism
(Scheme 1).21 However, this synthetic pathway is not practical for acene-fused tropylium salts
due to the scarce availability and challenging syntheses of acene-fused cycloheptrienes. Different
approach is required to realize these materials.

Scheme 1. Formation of tropylium tetrafluoroborate.

Secondary allylic alcohols are usually stable in acidic environment and dehydration of
protonated 2° allylic alcohols is uncommon since the 2° carbon cation formed would be
relatively unstable even though it is resonance stabilized. However, the tropylium cation is
10

stabilized additionally by the resonance that results in a low energy aromatic species (Scheme 2).
Thus, it was believed that dehydration of protonated acene-fused 2,4,6-cycloheptatrienols
(acenotropols) in a dry solvent would lead to the desired acenotropylium salts.

Scheme 2. Dehydration of protonated acene-fused 2,4,6-cycloheptatrienols.

The acenotropols can be readily obtained from the corresponding ketone. Secondary
acenotropols can be obtained directly from the reduction of acenotropones while tertiary
acenotropols can be synthesized via Grignard or organolithium reactions (Scheme 3).22

Scheme 3. Synthesis of secondary and tertiary acenotropols.

2.2 Synthesis of Acenotropones
A general method to synthesize a series of acenotropones would be beneficial. Thus,
synthetic approaches towards the simplest acenotropone (where n=0), benzotropone 1 (7Hbenzo[7]annulen-7-one) will be investigated in order to achieve this goal.
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2.2.1 Synthesis of Benzotropone
Several methods have been used towards synthesizing benzotropone 1 (Scheme 4). The
original procedure from Thiele23 involves condensation of o-phthalaldehyde with 1,3acetonedicarboxylates with subsequent hydrolysis and decarboxylation. However, the
requirements of an autoclave in the final stage could potentially complicate the general synthesis.
Selenium dioxide oxidation24 of 5H-benzo[7]annulene 2 afforded 1. Unfortunately, this reaction
uses an exotic starting material and is low yielding (27%). Paul and coworkers25 developed a
multi-step method to synthesize 1 from 1,4-epoxy-1,4-dihydronaphthalene 3 but with a long
synthetic route. Arif Dastan26 used dihydronaphthalene 4 to synthesize 1 in three steps, but the
starting material is also not readily available.

Scheme 4. Literature research approach to 1.

None of the aforementioned methods is ideal. Moreover, the ideal method should work
not only for benzotropone, but also for the other acenotropones. A similar method to Thiele's was
discovered in 1958 by Meuche27 and coworkers. They reported a simple method to synthesize
2,7-alkyl substituted benzotropones. A base mediated aldol condensation between o-
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phthalaldehyde and a series of ketones afforded the corresponding 2,7-dialkyl-4,5-benzotropones
(Scheme 5).

Scheme 5. Synthesis of 2,7-dialkyl-4,5-benzotropone.

This synthetic method possesses many merits. o-Phthalaldehyde and various ketone
starting materials are readily available. It is a one-step reaction in aqueous sodium hydroxide
solution at room temperature so it is both economically and environmentally friendly. Last but
not least, a series of acene-2,3-dicarboxaldehydes can be synthesized using o-phthalaldehyde as
starting material. Thus, a series of acenotropones could potentially be synthesized by replacing
o-phthalaldehyde with acene-2,3-dicarboxaldehydes.
Since the unsubstituted benzotropone is desired, condensation with acetone (R1=R2=H)
was attempted. However, 1H NMR showed there was very little benzotropone formed along with
many unknown byproducts. Isolation and characterization of these byproducts was difficult due
to their similar polarity and solubility. The reaction was unsuccessful even when varying the
base and solvent system (KOH/water and LDA/THF) at different temperatures (room
temperature or reflux under atmosphere pressure).
It was proposed that the failure of the aldol condensation with acetone is due to the
instability of the enolate. Substituted enolates are stabilized by the substituted groups through
hyperconjugation. Also, in the second stage of the condensation, the substituents will provide
additional stabilization to the enolates thereby promoting the dehydration of the β13

hydroxyketones to form conjugated enones, in this case, the substituted benzotropone (Scheme
6).

Scheme 6. Proposed mechanism for dehydration of the β-hydroxyketone.

To verify this hypothesis, 1,3-dialkylacetones were used under the same reaction
conditions (Scheme 7). As expected, when 2-butanone and 3-pentanone were used with aqueous
sodium hydroxide solution, the reaction proceeded smoothly at room temperature to afford 2methyl-4,5-benzotropone 5 and 2,7-dimethyl-4,5-benzotropone 6 in 47% and 77% yield,
respectively. Similarly, o-phthalaldehyde and 1,3-diphenylacetone in potassium hydroxide/
ethanol solution gave 2,7-diphenyl-4,5-benzotropone 7 in 65% yield.28
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Scheme 7. Synthesis of substituted benzotropones.

Since the substituted benzotropone were readily obtained and small alkyl substituents
should have little influence on the π system, and hence have little influence on the
electrochemical and photochemical properties. Dimethyl substituted acenotropylium salts are
desired synthetic targets. The simplest of these compounds is 4,6-dimethyl-1,2-benzotropylium
tetrafluoroborate 8 (Figure 10).

Figure 10. 4,6-Dimethyl-1,2-benzotropylium tetrafluoroborate 8.

2.2.2 Synthesis of 2,7-Dimethyl-4,5-benzotropol
Reducing 2,7-dimethyl-4,5-benzotropone 6 to its corresponding alcohol form, 2,7dimethyl-4,5-benzotropol 9 was performed. Since benzotropone is an α,β-unsaturated ketone, a
15

regioselective reduction was attempted. A NaBH4/CaCl2 system29 was used to reduce
benzotropone in ethanol. However, only starting material was recovered. It turns out that the
classic reduction method NaBH4/THF/H2O system was suitable for 6 under refluxing conditions
(Scheme 8). The carbonyl was successfully reduced while the carbon-carbon double bonds were
untouched.

Scheme 8. Synthesis of 2,7-dimethyl-4,5-benzotropol.

Upon purification of 9 via chromatography, 5,7-dimethyl-2,3-benzotropol 10 was
discovered. The main component collected from the column was not 9, but a compound with the
same molecular weight, observed via mass spectrometry, suggesting that the obtained compound
was an isomer of 9. 5,7-dimethyl-2,3-benzotropol 10 was proposed by analyzing the possible
rearrangement mechanism (Scheme 9). The structure of compound 10 was confirmed by 1H and
13

C NMR spectroscopy.

Scheme 9. Possible mechanism for hydroxide migration.

16

Compound 9 could be protonated by the acidic silica gel used during chromatography.
The driving force for the rearrangement is the formation of the aromatic benzotropylium cation.
This was supported by the yellow color observed in the column, which was later confirmed to be
the color of the benzotropylium cation. The cation was then nucleophilically attacked by water at
either the 3 or 7 positions after leaving the acidic environment (silica gel), followed by
deprotonation to form the hydroxide-migrated benzotropol 10. Since 10 is the only compound
isolated after chromatography, it is implied that the 3 and 7 positions of the benzotropylium are
more reactive in this nucleophilic reaction.
This reaction has been independently confirmed by catalysis with various acids, such as
acetic acid, p-toluenesulfonic acid and hydrochloric acid.

2.2.3 Synthesis of 4,6-Dimethyl-1,2-benzotropylium Tetrafluoroborate 8

Compound 8 is expected to be moisture sensitive so the acid used to aromatize 9 must be
free of water. The ideal acid should also have a simple structure so that the influence on the
tropylium moiety can be minimized. Finally, the chosen acid should have similar solubility to
compound 9. Isolation and purification of 8 is also complicated by the moisture sensitivity,
making it impossible to separate by extraction or simply removing the solvent. Instead, the salt
must be precipitated, filtered and washed to collect pure compound 8. Thus, the solubility of
compounds 8 and 9 should be distinctly different in the chosen solvent. Diethyl ether was found
to be an ideal solvent since compound 8 has poor solubility, and compound 9 has decent
solubility.
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Tetrafluoroboric acid is an inorganic acid with a simple structure (HBF4) and most
importantly it is available as a HBF4∙diethyl ether complex. Organic salts with tetrafluoroborate
anions also have been found to be suitable for crystal growth, which is essential for the potential
application in OPVs. Thus, dry HBF4∙diethyl ether was chosen for the synthesis of compound 8
(Scheme 10).

Scheme 10. Synthesis of 4,6-dimethyl-1,2-benzotropylium tetrafluoroborate 8.

When HBF4∙diethyl ether complex was injected into an ether solution of 2,7-dimethyl4,5-benzotropol 9, a yellowish precipitate formed immediately. After stirring for one hour, 8 was
collected by vacuum filtration and washed with dry ether. Drying over vacuum at room
temperature overnight gave 8 as a light yellow solid in 63% yield. The structure was verified by
MALDI-TOF-Mass spectrometry, 1H and

13

C NMR spectroscopy. Signals corresponding to

chelated diethyl ether with the tropylium cation were also observed in both 1H and

13

C NMR.

Chelated ether was removed by further drying of 8 in a vacuum oven at 55 °C overnight.
Similarly, compound 8 can also be synthesized by treating compound 5,7-dimethyl-2,3benzotropol 10 with tetrafluoroboric acid (Scheme 11).

Scheme 11. Synthesis of 8 from 10.
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Dissolved in acetone (not dried), the yellow color of 8 was faded within 10 minutes, so
moisture sensitivity was tested on compound 8. In acetonitrile-d3 (dried using 3 Å molecular
sieves), degradation of compound 8 was monitored by NMR spectroscopy. During a period of 7
days, 8 was totally degraded and a grey precipitate was observed in the NMR tube. 1H NMR
spectrum of the grey precipitate showed signals in the aromatic region, but did not match with
compound 9 or 6. Mass spectrometry also failed to give any usable information that leads to the
possible formula. Compound 8 can be stored in the solid state sealed in a vial placed in a
desiccator for more than 13 months with little degradation (checked by NMR).

2.2.4 UV-Vis Spectroscopy Analysis of 8
Ultraviolet-visible spectroscopy (UV-Vis) is an important characterization technique in
analyzing the optical properties of organic semiconductor materials. 4,6-Dimethyl-1,2benzotropylium tetrafluoroborate 8 was dissolved in dry acetonitrile and a UV-Vis spectrum was
recorded (Figure 11). The absorption maxima were found at 343 nm, 357 nm and 433 nm
(λmax=328 nm, 420 nm, computed using Spartan '10 at B3LYP/6-31+G(d)//PM3).30 Compared
with anthracene (347, 364, 387 nm) in acetonitrile31 and tetracene (396, 419, 445, 475 nm) in
toluene,32 the UV-Vis absorption of 8 is in the middle of anthracene and tetracene. Considering
the fact that 8 only possesses 10 π electrons the same as naphthalene, the UV-Vis absorption
region was dramatically red-shifted. The broad absorption at 433 nm falls in the violet region.
The complimentary color is yellow, which is consistent with the color of 8.
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In acetonitrile λmax= 343 nm, 357 nm, 433 nm

Figure 11. UV-Vis spectrum of 4,6-dimethyl-1,2-benzotropylium tetrafluoroborate 8.

The optical HOMO-LUMO gap is an important property of organic semiconductors and
can be obtained from UV-Vis spectra. According to the equation E(g,optical)=hc/λ(onset), the optical
HOMO-LUMO gap can be determined. The onset is deﬁned as the intersection between the
baseline and a tangent line that touches the point of inﬂection on the lowest-energy absorption
band. Using this method, the optical HOMO-LUMO gap of 8 was determined to be 2.59 eV,
where λonset= 480 nm.
The frontier orbital energies and HOMO-LUMO gaps for compound 8 were computed
using Gaussian 09 W33 at B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) level. Compared with the
computational HOMO-LUMO gap of 3.35 eV, the optical gap is 0.67 eV lower. This might be
due to the tendency of B3LYP methods to give higher LUMO energies and result in overstated
HOMO-LUMO gaps.
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2.2.5 Synthesis and UV-Vis Spectroscopy Analysis of 12
A similar synthetic strategy was utilized to successfully synthesize 4,6-diphenyl-1,2benzotropylium tetrafluoroborate 12 (Scheme 12). 2,7-Diphenyl-4,5-benzotropol 11 was
obtained by reducing 7. By treating 11 with tetrafluoroboric acid in dry diethyl ether, 12 was
collected as an orange solid with a yield of 61%.

Scheme 12. Synthesis of diphenyl-1,2-benzotropylium tetrafluoroborate 12.

UV-Vis spectroscopy of 4,6-diphenyl-1,2-benzotropylium tetrafluoroborate 12 (Figure
12) was performed in dry acetonitrile and an absorption maximum was found at 464 nm
(λmax=466 nm, computed using Spartan '10 at B3LYP/6-31+G(d)//PM3). Compared with the
absorption maximum of 4,6-dimethyl-1,2-benzotropylium tetrafluoroborate 8 (433 nm), the UVVis absorption was red shifted about 30 nm and the absorption band was also dramatically
broader.
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In dry acetonitrile λmax= 464 nm

Figure 12. UV-Vis spectrum of 4,6-diphenyl-1,2-benzotropylium tetrafluoroborate 12.

The optical HOMO-LUMO gap of 12 was determined to be 2.36 eV (λonset= 525 nm),
0.23 eV smaller than 8. The red-shift and smaller optical gap are presumably due to the phenyl
groups. The optimized structure (B3LYP/6-31+G(d)) of 12 showed phenyl rings on the 4 and 6
positions were not perpendicular to the backbone, but had a dihedral angle about 55° (Figure 13).
Overall conjugation was extended by the partial overlap of the π-orbitals in phenyl rings with the
backbone π system. Generally, more extended conjugation leads to longer wavelength absorption
and a smaller HOMO-LUMO gap.

Figure 13. Dihedral angle of phenyl ring and backbone in structure 12.
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2.2.6 Synthesis and UV-Vis Spectroscopy of 5-benzo-4,6-dimethyl-1,2-benzotropylium
tetrafluoroborate 14
In addition to the 4,6-diphenyl benzotropylium salt, a 5-phenyl substituted
benzotropylium salt was also synthesized with only minor changes to the synthetic route
(Scheme 13). Thus, the phenyl moiety was introduced by treating 6 with phenyllithium and 13
was obtained as a white solid. Compound 14 was achieved as yellow solid by treating 13 with
tetrafluoroboric acid in dry diethyl ether and the overall yield was 38%.

Scheme 13. Synthesis of 14.

Compound 14 was studied by UV-Vis spectroscopy in dry acetonitrile (Figure 14). The
absorption maxima were found at wavelength of 342, 398 and 420 nm, approximately the same
region as 8. Compared with 8, a wide absorption peak was noticed between 350-450 nm. The
optical HOMO-LUMO gap obtained was similar to 8 at 2.59 eV because the onset was
determined at the same wavelength of 480 nm. In the optimized structure of 14 (B3LYP/631+G(d)), it was found that the phenyl group was perpendicular to the backbone due to steric
hindrance with the methyl groups, thus there is no π-orbital overlap between the phenyl group
and the backbone (Figure 15). As there is no extended conjugation, the HOMO-LUMO gap is
similar to 8.
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In dry acetonitrile
λ max= 342, 398, 420 nm

Figure 14. UV-Vis analysis of 14.

Figure 15. Optimized structure of 14.
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2.2.7 Synthesis of 4,6-Dimethyl-5-hydroxyl-1,2-acenotropylium Tetrafluoroborate 15
The synthesis of salt 15 was inspired by a discovery during the attempted protection of
the carbonyl group in compound 6. A mixture of 6, glycol and catalytic p-toluenesulfonic acid
(TsOH) in dry toluene was refluxed in an attempt to form the acetal in a dean-stark apparatus.
Although this reaction failed to form an acetal, a grey precipitate was formed during the reaction
and it disappeared after quenching with NaOH/H2O. Further study found the grey solid has poor
solubility in chloroform and ethyl acetate, but after treatment with water, the solubility
immediately improved and 6 was recovered. This is similar with the formerly synthesized LETS.
Thus, we proposed a simple acid-base reaction sequence as in scheme 14.

Scheme 14. Formation of a simple tropylium cation.

Protonated carbonyl species are common intermediates during reactions but are generally
not stable enough to be isolated. However, protonation of 6 yielded a resonance stabilized
aromatic cation that exists as a relatively stable salt. To be consistent with former synthesized
LETS, fluoroboric acid was used to prepare compound 15 in dry ether. Yellow to green solid was
obtained with a yield of 50%. The structure of 15 was verified by 1H and 13C NMR spectroscopy.
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Scheme 15. Synthesis of 15.

2.2.8 UV-Vis Spectroscopy Analysis of 15
Surprisingly, expected UV-Vis absorption was not observed in UV-Vis spectrum of 15.
In dry acetonitrile, absorption intensity of 15 decreased rapidly right after ultraviolet region and
totally ended in 430 nm. It was found later that the absorption regions and patterns were nearly
identical with compound 6.
As protonated carbonyl species are strong acidic, they could be deprotonated by water in
solution. The possible explanation for the UV-Vis absorption of 15 observed could be concluded
as one of the resonance form of 15, the protonated carbonyl resonance structure was the one
which can be deprotonated by residual trace amount of water in solution, thus driving the
reaction sequence to the ketone side (Scheme 16).

Scheme 16. Reaction sequence of 15 in solution.

A direct evidence of the existence of the protonated carbonyl resonance structure was the
1

H and

13

C NMR spectra. In the 1H spectra, the proton on oxygen atom was the one that was

deshielded the most. In the

13

C NMR spectra, the signal at 183 ppm was also indicating the

carbonyl-like carbon (Figure 16).
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Figure 16. 1H and 13C NMR spectra of 15.

2.2.9 Conclusion of Synthesis of Benzotropylium Tetrafluoroborates
Benzotropylium tetrafluoroborate derivatives 8, 12 and 14 were successfully synthesized
in decent yield and have been fully characterized by various spectroscopic techniques.
Intermediates 5, 6, 7, 9, 11 and 13 were synthesized and characterized. Compound 10 was
discovered during the purification of 9 and a possible mechanism was proposed. UV-Vis spectra
for these compounds showed strong absorption in both ultraviolet and visible regions indicating
their potential use in OPVs. Optical HOMO-LUMO gaps were found to be smaller than the
computational value, which is good for organic semiconductors.
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In addition, successful synthesis of compound 8 implies that this synthetic route is
promising for the synthesis of other acenotropylium salts by using various acene-2,3dicarboxaldehydes. In other words, a promising systematic method was developed.

Table 1. Summary of Substituted Benzotropylium Salts
Compound

λmax(optical)/nm

λonset/nm

E(g,optical) (eV)

E(g,DFT) (eV)

343, 357, 433

480

2.59

3.25

464

525

2.36

3.10

342, 398, 420

480

2.59

3.35

UV-Vis absorption similar with 6

3.52

2.3 Synthesis of 4,6-Dimethyl-1,2-naphthotropylium Tetrafluoroborate
To synthesize 4,6-dimethyl-1,2-naphthotropylium tetrafluoroborate 20, a series of
precursors were synthesized. The first target precursor was naphthalene-2,3-dicarboxaldehyde 17.
A two-step synthetic method34 starting from naphthalene-2,3-dicarboxylic acid was chosen
(Scheme 17).
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Scheme 17. Synthesis of naphthalene-2,3-dicarboxaldehyde 17.

Commercially available naphthalene-2,3-dicarboxylic acid was conveniently reduced by
borane in tetrahydrofuran solution at 0 ˚C to room temperature in a period of 24 hours. White
solid 16 was obtained in quantitative yield from workup, thus, no purification process was
needed. Swern oxidation of 16 at -78 ˚C gave naphthalene-2,3-dicarboxaldehyde 17 (88%) as a
white solid. Unreacted starting materials as well as mono-oxidized 16 were also recovered from
the crude product due to incomplete oxidation.
Synthesis of 20 was performed using the developed synthetic method (Scheme 18). Thus,
2,7-dimethyl-4,5-naphthotropone 18 was obtained from the aldol condensation of 17 with 3pentanone in ethanol with potassium hydroxide as catalyst in high yield. Sodium borohydride
reduction of 18 afforded alcohol 19 in quantitative yield. Finally, salt 20 was obtained by treating
19 with tetrafluoroboric acid.
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Scheme 18. Synthesis of 4,6-dimethyl-1,2-naphthotropylium tetrafluoroborate 20.

2.3.1 UV-Vis Spectroscopy of 20
UV-Vis spectroscopy was performed on 20 in dry acetonitrile solution (Figure 17).
Maximum absorptions were found at wavelength of 376, 387 and 608 nm (λmax=338 nm, 363 nm,
623 nm, computed using Spartan '10 at B3LYP/6-31+G(d)//PM3). Strong absorption in the
orange region make solution of 20 appear light blue, the complimentary color of orange. The
optical HOMO-LUMO gap was obtained based on the onset method (λ(onset)= 725 nm) as 1.71 eV.
Compared with the computational value of 2.32 eV (computed using Gaussian 09 W at
B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) level), the optical gap was 0.61 eV lower, which is
consistent with the gap measured for 8.
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In dry acetonitrile
λmax= 376, 387, 608 nm
λmax=376, 387, 608 nm nm

Figure 17. UV-Vis spectrum of 20.

The most exciting data obtained from the UV-Vis spectrum of 20 was the strong
absorption between 550-675 nm and the 1.71 eV HOMO-LUMO gap. Together with the
computational LUMO energy of -4.12 eV, these characteristics make 20 a very promising n-type
organic semiconductor that can be potentially used in organic solar cell and organic field-effect
transistors (OFETs).

2.3.2 Stability Study of 20
4,6-Dimethyl-1,2-naphthotropylium tetrafluoroborate 20 was characterized by 1H NMR
and the expected signals were observed but with some weak peaks in the aromatic region, which
might result from the degradation of 20. It was noticed that the blue color of 20 in acetonitrile-d3
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(dried with 3Å molecular sieves) totally faded in 1 hour. A reportable

13

C NMR spectrum was

not obtained because of the short life of 20.
A UV-Vis decay study was conducted on 20 in dry acetonitrile (cap of the cuvet was off).
Spectra were recorded every 4 minutes (Figure 18). Starting from the top, each curve
corresponds to one UV-Vis spectrum, with each successive curve collected 4 minutes later than
the previous one. Intensity at 608 nm was used to determine the amount of 20 existing in solution.
It was found that at 28 minutes, the intensity at 608 nm was half of the intensity at the beginning.
Over a period of 3 hours, the compound totally decomposed.

In dry acetonitrile

Figure 18. UV-Vis decay spectrum of 20.
Fortunately, salt 20 was also found to be quite stable in the solid state when stored in a
sealed vial in a desiccator. The dark blue color of 20 is still persistent after 6 months. For the
potential solid state use in the sealed device, it should possess acceptable working life.
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Compared with 8, 12 and 14 which all were benzene fused tropylium, the UV-Vis
absorption of the naphthalene-linearly fused tropylium 20 is red-shifted about 170 nm, which is a
large difference considering that the difference was caused by only one more benzene ring. For
instance, the maximum absorption difference between anthracene and naphthalene is only about
90 nm.

2.4 Synthesis of 4,6-Dimethyl-1,2-anthracenotropylium Tetrafluoroborate
2.4.1 Synthesis of Anthracene-2,3-dicarboxaldehyde 21
Encouraged by the red-shift in UV-Vis absorption with the linear extension of the
backbone of tropylium salt, 4,6-dimethyl-1,2-anthracenotropylium tetrafluoroborate 24 was
synthesized. The maximum absorption wavelength was expected to be around 780 nm by
studying the changing trend mentioned before. This is supported by computational results
obtained using Spartan '10 with method of B3LYP/6-31G(d)//PM3, which predicted the
absorption maxima were λmax= 309, 406, and 780 nm.
Unfortunately, anthracene-2,3-dicarboxylic acid is not commercially available. Several
synthetic routes towards 2,3-disubsituted anthracenes have been published. In 2006, Tamotsu
Takahashi35 reported a homologation method (Scheme 19) to synthesize substituted 2,3anthracenedicarboxylate which can be further converted to the dialdehyde. While this method
should be able to afford 23 in theory if different starting material was used, multiple steps and
overall low yield makes it not an attractive pathway.
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Scheme 19. Tamotsu Takahashi' method towards substituted 2.3-anthracenedicarboxylate.

Another method was also developed for the iterative synthesis of acenes (Scheme 20).36
Thus, [n+1]acene-2,3-diethyl diester can be produced by a Wittig reaction between [n]acene-2,3dicarboxaldehyde and 2-(trialkyl-5-phosphanylid-ene)-succinic acid diester (generated from
dialkyl maleate and trialkyl phosphine). The diester can then be converted into the dialdehyde by
reduction and Swern oxidation. Again, the long synthetic route and complicated purification
work makes it unsuitable for large scale synthesis.

Scheme 20. Multiple steps to synthesize acene-2,3-dicarboxaldehyde.

Mallouli developed a one-pot method37 starting from o-phthalaldehyde and various
equivalents of 2,5-dimethoxytetrahydrofuran towards acene-2,3-dicarboxaldehydes (Scheme 21).
Compared with other methods it possesses many merits. The starting materials are commercially
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available at reasonable price, there is no need to separate and purify intermediates and a series of
acene-2,3-dicarboxaldehydes can be synthesized by simply changing the equivalents of 2,5dimethoxytetrahydrofuran. The only drawback is that different acene-2,3-dicarboxaldehydes are
inevitably obtained in one pot. However, it is cannot be regarded as a real drawback because in
this certain condition all the 2,3-dicarboxaldehydes would be utilized.

Scheme 21. One-pot synthesis of acene-2,3-dicarboxaldehydes.

This one-pot method was chosen to synthesize compounds 21 and 25. In the reaction, one
or more equivalent of 2,5-dimethoxytetrahydrofuran were used to control which acene-2,3dicarboxaldehyde will be the predominant product. Anthracene-2,3-dicarboxaldehyde 21 was
obtained as the major product with ratio of 1:2 (Scheme 22). Tetracene-2,3-dicarboxaldehyde 25
was more difficult to synthesize due to the solubility issues but can be synthesized with ratio of
1:4. Sublimation was used to separate the obtained products. Naphthalene-2,3-dicarboxaldehyde
17 could also be synthesized with ratio of 1:1, but with poor selectivity.

Scheme 22. Syntheses of anthracene-2,3-dicarboxaldehyde 21.

A possible mechanism was proposed for this one-pot synthesis. o-Phthalaldehyde was
used as example in the first step (Scheme 23). First, 2,5-dimethoxytetrahydrofuran was
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converted to succinaldehyde in situ, catalyzed by acetic acid. The dialdehyde produced then
reacts with piperidine to form an enamine (stage 2) which can be consumed by o-phthalaldehyde
through aldehyde-enamine condensation (stage 3). In the final step, naphthalene-2,3dicarboxaldehyde 17 was formed by hydrolysis of the intermediate formed in the last stage.
Compound 17 can then react with piperidine and the process is repeated to afford anthracene2,3-dicarboxaldehyde

21.

The

reaction

will

continue

forming

longer

acene-2,3-

dicarboxaldehydes until all of the 2,5-dimethoxytetrahydrofuran is consumed or the formed
product precipitate from solution due to the poor solubility in the polar solution. For this reason,
the largest acene-2,3-dialdehyde that can be synthesized by this method is tetracene-2,3dicarboxaldehyde 25.

Scheme 23. Proposed stages in the one-pot synthesis.
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2.4.2 Synthesis of 24
With 19 readily available, synthesis towards 24 was conducted following the established
method (Scheme 24). Thus, 2,7-dimethyl-4,5-anthracenotropone 22 was obtained in 65% yield
and was then converted to 23 by the a sodium borohydride reduction. By treating 23 with HBF4
in dry ether, 24 was afforded as grey to green solid.

Scheme 24. Synthesis of 24.

2.4.3 UV-Vis Study of 24
UV-Vis analysis of 24 was conducted in dry acetonitrile solution (Figure 19). Maximum
absorptions were found at wavelengths of 403, 438, and 800 nm, which match well with the
Spartan '10 calculation results. The optical HOMO-LUMO gap of 1.18 eV was obtained from the
onset method (λ(onset)= 1050 nm). Compared with the computational value of 1.63 eV (computed
using Gaussian 09 W at B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) level), the optical gap was
0.45 eV lower, which is consistent with 8 and 20.
Absorption between 700-800 nm and the 1.18 eV HOMO-LUMO gap plus the LUMO at
-4.20 eV (computational), all of these characteristics make 24 the potential application as an ntype organic semiconductor material.
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Unfortunately, 24 was found to be even more unstable than 20 and decomposed rapidly.
The grey color totally faded within 10 minutes and no ideal 1H NMR was obtained. A UV-Vis
decay study was also performed on 24. Multiple scans were conducted consecutively with no
pause time between two scan cycles. The intensity at 800 nm was recorded and found to decrease
with each scan. After a total of 23 scan cycles, no substantial decrease in intensity at 800 nm was
observed. The half-life was determined to be roughly about 300 seconds, which is dramatically
shorter than 20.

In dry acetonitrile
λmax= 403, 438, 800 nm
λmax=376, 387, 608 nm nm

Figure 19. UV-Vis study of 24.

2.5 Chapter Conclusion
A series of linearly extended tropylium salts (LETS) were successfully synthesized and
characterized by 1H NMR,

13

C NMR spectroscopy, MALDI-TOF-Mass spectrometry and UV-

Vis spectroscopy. The proposed the synthetic strategy has proven highly suitable to synthesize
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LETS (Scheme 25). UV-Vis spectra have been studied as well as the stability of all LETS. Both
experimental and computational results indicate π-orbital overlap between phenyl substituents
and the backbone as observed by red-shifted UV-Vis absorption and decreased HOMO-LUMO
gap through extended conjugation. Linear extension of the backbones has been found to be an
effective way to improve the optical properties. With each addition of one benzene ring on the
backbone, UV-Vis absorption can be red-shifted by about 170 nm and HOMO-LUMO gap can
be narrowed by 0.7 eV. While UV-Vis absorption band was precisely predicted by computation
(Spartan ′10 with method of B3LYP/6-31G(d)//PM3), the calculated HOMO-LUMO gap
(computed using Gaussian 09 W at B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) level) was
systematically 0.6±0.15 eV higher than optical HOMO-LUMO gap measured from UV-Vis
spectra. Unfortunately, linear extension of the backbone is a double-edges sword. It improved the
optical properties of LETS to make them promising organic semiconductor material, but also
jeopardized their stability, limiting the potential application in devices. All the LETS are shortlife species in solution, varying from several minutes to days. A detailed decomposition
mechanism has not been studied, but nucleophilic attack by residual water in the solution appears
to be involved. Summarized properties are listed in Table 2.

Scheme 25. General synthetic route for LETS.
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Table 2. Summary of properties of LETS
λ(max) /nm

λ(onset)/nm E(g,optical) (eV) E(g,DFT) (eV) E(LUMO,DFT) (eV)

8

343, 357, 433

480

2.59

3.35

-3.98

12

464

525

2.36

3.10

-4.14

14

342, 398,420

480

2.59

3.25

-4.03

20 376，387, 608

725

1.71

2.32

-4.12

403, 438, 800

1050

1.18

1.63

-4.20

24
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CHAPTER 3
OTHER SYNTHESIZED COMPOUNDS

During the syntheses of LETS, other synthetic routes were also attempted. Although
they failed to yield the desired products, some compounds prepared deserve mention here. In all
cases, they were either prepared for the first time or they were previously reported as a mixture
of isomers but never separated or fully characterized. Some interesting discoveries were found,
including a new strategy to synthesize substituted acenes.

3.1 Synthesis of 2,3;6,7-Diepoxy-2,7-dimethyl-4,5-benzotropone
The compound 2,3;6,7-diepoxy-2,7-dimethyl-4,5-benzotropone 26 was synthesized
through epoxidation of 6 by hydrogen peroxide in a solution of sodium hydroxide in
methanol/water at room temperature (Scheme 26). This is the first time that 26 was reported.
The reaction rate was slow at 0 °C and only 40% of 6 was converted to 26 after 50 hours.
Though the rate was slow, the method successfully produced 26 while other methods using
reagents like MCPBA were found to be totally ineffective in the presence of the electron poor
diene 6. A single syn diastereomer of 26 was formed according to NMR spectroscopy.

Scheme 26. Synthesis of 26.
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3.2 Synthesis of 27 and 28
A series of isomers of 1,2-bis(hydroxyl(phenyl)methyl)benzene were synthesized with ophthalaldehyde and phenyllithium in dry THF (Scheme 27). This reaction was previously
reported but the products were a mixture of isomers that were not separated yet. Here, a
separation and purification was accomplished and the compounds were fully characterized.
Meso-2-((R)-hydroxyl(phenyl)methyl)-1-((S)-bromo(phenyl)methyl)benzene 27 was separated
in 50% yield. Compound 28 exists as a pair of enantiomers, (R)-1,2-bis(hydroxyl(phenyl)
methyl)benzene (left) and (S)-1,2-bis(hydroxyl(phenyl)methyl)benzene (right). The separation of
27 and 28 may prove useful for future work, like for example the formation of mono-substituted
acenes according to the new synthetic method reported below.

Scheme 27. Synthesis of 1,2-bis(hydroxyl(phenyl)methyl)benzenes.

3.2.1 A New Strategy Synthesis of Substituted Acenes
A new strategy to synthesize mono-substituted acenes was developed during our attempt
to convert 27 to 1,2-bis(bromo(phenyl)methyl)benzene 29 (Scheme 28). Bromine substitution of
meso-diol 27 was conducted in dry toluene using phosphorus tribromide. The syn diol was
chosen to check whether the reaction would proceed according to an SN1 or an SN2 mechanism.
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In general, 1° and 2° alcohols react with PBr3 according to an SN2 mechanism unless carbocation
stabilizing groups are present as in this case. In our reaction, 29 was obtained as a mixture of
diastereomers suggesting an SN1-like mechanism. Unexpectedly, 9-phenylanthracene 30 was
also recovered from the reaction with a yield of 20%. The blue fluorescence of 30 during column
chromatography lead to its discovery. Compound 30 was characterized by NMR spectroscopy.
Its formation in this reaction is intriguing and suggest a possible new method to prepare monosubstituted acenes.

Scheme 28. Reactions between phosphorus tribromide and 27.

Further study of the reaction found the yield of 30 can be increased to 60% by increasing
the reaction time to 5 hours, making the reaction even more interesting. A series of substituted
acenes could be synthesized by this method. o-Phthaldehyde could be replaced by acene-2,3dicarboxaldehydes and

various aryl Grignard reagents are readily available to replace

phenyllithium. Two advantages of this acene synthesis are the short synthetic route and the
relatively easy separation and purification. Mono-substituted acenes can be produced in only one
step after the diol formation. Purification by flashing chromatograph is easy because of the
dramatic polarity difference between the acene and the by-product or unreacted starting materials.
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3.2.2 Proposed Mechanism for the Formation of 29 and 30
Possible mechanisms of the formation of 29 and 30 are proposed here. It was not known
if the bromination reaction would follow an SN2 mechanism leading to meso-29 or an SN1
mechanism leading to a mixture of diastereomers (Scheme 29).

Scheme 29. Proposed mechanism for the formation of 29.

Since a mixture of diastereomers was observed, we presume an S N1-like mechanism
involving carbocation intermediates. This is also consistent with the formation of 30. A possible
mechanism for the formation of 30 is shown in Scheme 30.
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Scheme 30. Proposed mechanism for the formation of 30.
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CHAPTER 4
EXPERIMENTAL SECTION

4.1 General Methods

1H
1

NMR Spectra

H NMR spectra were obtained on a Varian Mercury Plus 400 FT-NMR operating at 399.768

MHz or a Varian INOVA 500 FT-NMR operating at 499.763 MHz. All chemical shift (δH)
values are reported in parts per million (ppm) relative to (CH3)4Si (TMS) unless otherwise noted.

13C

NMR Spectra

13

C NMR spectra were obtained on a Varian Mercury Plus 400 FT-NMR operating at 100.522

MHz or a Varian INOVA 500 FT-NMR operating at 125.666 MHz. All chemical shift (δH)
values are reported in parts per million (ppm) relative to (CH3)4Si (TMS) unless otherwise noted.

Mass Spectrometry
Time-of-flight laser desorption ionization (LDI-TOF-MS) mass spectrometry was performed on
a Shimadzu Kratos Axima-CFR running in reflectron mode.

MALDI-TOF Mass Spectrometry
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Matrix assisted laser desorption ionization time-of-flight mass spectra (MALDI-TOF-MS) were
run on a Shimadzu Kratos Axima-CFR mass spectrometer in positive ion mode and reflectron
mode. Spectra were obtained using sulfur as the matrix.

UV-Vis Spectroscopy
UV-visible spectra were obtained on a Nicolet Evolution 300 spectrometer using 1 cm quartz
cells. Dilute solutions (1.3×10-3 M) of acenotropylium tetrafluoroborate were prepared using
anhydrous acetonitrile. Each cell was exposed to air.

Chromatography
Sand was obtained from Fisher Scientific Co. Silica Gel (230-400 mesh) was obtained from
Natland International Co. Thin Layer Chromatography Plates were obtained from Fisher
Scientific Co. Chromatograms were visualized with UV light (254 and 365 nm).

Theoretical Study
Computational work was done either by Gaussian 09 W at B3LYP/6-311+G(d,p)//B3LYP/631+G(d) or by Spartan '10 at B3LYP/6-31+G(d)//PM3 unless otherwise noted.

4.2 Solvents
Note: All solvents were used without further purification unless otherwise noted. Solvent drying
was carried out for acetonitrile, tetrahydrofuran, toluene, methylene chloride and ethyl ether as
needed by molecular sieves or by passing through a column using an Innovative Technology Inc.
solvent delivery system.
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Acetic Acid (CH3CO2H) was obtained from VWR Chemical Co.
Acetone (reagent grade) was obtained from Pharmco.
Acetonitrile (CH3CN) was obtained from Fisher Scientific Co.
Carbon Tetrachloride (CCl4) was obtained from Aldrich Chemical Co.
Chloroform (CHCl3) was obtained from Fisher Scientific Co.
Deuterated NMR solvents were obtained from Cambridge Isotope Laboratories.
Dichloromethane (CH2Cl2) was obtained from Fisher Scientific Co.
Diethyl Ether ((CH3CH2)O) was obtained from Pharmco.
Dimethylsulfoxide (DMSO) (anhydrous) was obtained from Alfa Aesar Chemical Co.
1,4-Dioxane ((CH2CH2)2O2) was obtained from Aldrich Chemical Co.
Ethanol (95%) was obtained from Pharmco.
Ethyl Acetate (CH3CO2CH2CH3) was obtained from Fisher Scientific Co.
Hexanes were obtained from Fisher Scientific Co.
Methanol (CH3OH) was obtained from Pharmco.
Tetrahydrofuran (THF) was obtained from Fisher Scientific Co.
Toluene (PhCH3) was obtained from Fisher Scientific Co.

4.3 Reagent
Aluminum foil (Al°) was obtained from Reynolds.
Ammonium chloride (NH4Cl) was obtained from Fisher Scientific Co.
Azobisisobutyronitrile (AIBN) was obtained from Aldrich Chemical Co.
Borane THF Complex (BH3·THF) was obtained from Acros Organics Co.
Bromine (Br2) was obtained from Acros Organics Co.
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N-Bromosuccinimide (NBS) was obtained from Aldrich Chemical Co.
2-Butanone (C4H8O) was obtained from Alfa Aesar Chemical Co.
Calcium chloride (CaCl2) was obtained from Fisher Scientific Co.
Copper (I) Iodide (CuI) was obtained from Alfa Aesar Chemical Co.
1,2-Di(bromomethyl)benzene (C8H8Br2) was obtained from Aldrich Chemical Co.
1,3-Diphenylacetone (C15H14O) was obtained from Acros Organics Co.
Hydrobromic acid (HBr) was obtained from Alfa Aesar Chemical Co.
Hydrochloric acid (HCl) was obtained from EM Science.
Hydrogen peroxide (H2O2) was obtained from Fisher Scientific Co.
Iodine (I2) was obtained from Aldrich Chemical Co.
2,3-Naphthalenedicarboxylic acid (C10H6(CO2H)2) was obtained from TCI America Co.
Oxalyl chloride ((COCl)2) was obtained from Acros Organics Co.
3-Pentanone (C5H10O) was obtained from Acros Organics Co.
Phenyllithium (C6H5Li) was obtained from Aldrich Chemical Co.
Phosphorus (III) Bromide (PBr3) was obtained from Alfa Aesar Chemical Co.
o-Phthalaldehyde (C8H6O2) was obtained from Aldrich Chemical Co.
Piperidine (C5H11N) was obtained from Alfa Aesar Chemical Co.
Potassium hydroxide (KOH) was obtained from EM Science.
Sodium bicarbonate (NaHCO3) was obtained from Fisher Scientific Co.
Sodium bisulfite (NaHSO3) was obtained from EM Science.
Sodium borohydride (NaBH4) was obtained from Aldrich Chemical Co.
Sodium carbonate (Na2CO3) was obtained from Fisher Scientific Co.
Sodium chloride (NaCl) was obtained from J.T. Baker Chemical Co.
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Sodium hydroxide (NaOH) was obtained from EM Science.
Triethylamine (C6H15N) was obtained from Aldrich Chemical Co.
Tetrafluoroboric acid diethyl ether complex (HBF4·THF) was obtained from Aldrich Chemical
Co.
p-Toluenesulfonic acid (CH3C6H4SO3H) was obtained from Aldrich Chemical Co.

4.4 Syntheses
Note: All routine solvent evaporations were conducted on a standard rotary evaporator using
vacuum pump pressure unless otherwise noted. All reactions were performed under N2
protection.

2-Methyl-benzotropone (5).
o-Phthalaldehyde (200 mg, 1.49 mmol), 2-butanone (118 mg, 1.49 mmol), sodium hydroxide
(120 mg, 3.0 mmol), and water (10 mL) were added to a 25 mL round bottom flask. The
resulting mixture was stirred at room temperature for 24 h, after which time a pale yellowish
precipitate formed. The precipitate was filtered, washed with copious water and dried in vacuo
overnight to afford 5 as a pale yellowish to white powder (119 mg, 47%). 1H NMR (400 MHz,
CDCl3): δ=7.60-7.63 (m, 3H), 7.49-7.55 (m, 2H), 7.41 (d, J=12.7 Hz, 1H), 6.82 (d, J=12.7 Hz,
1H), 2.28 (d, J=0.8 Hz, 3H) ppm.

13

C NMR (101 MHz, CDCl3): δ=187.9, 143.0, 140.6, 140.2,

135.8, 135.1, 134.1, 133.9, 133.4, 130.4, 129.7, 22.7 ppm.

2,7-Dimethyl-4,5-benzotropone (6).
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A 250 mL round bottom flask was charged with: o-phthalaldehyde (2.00 g, 14.9 mmol), 3pentanone (1.28 g, 14.9 mmol), and sodium hydroxide (1.19 g, 30.0 mmol) and water (100 mL).
The resulting mixture was stirred at room temperature for 24 h. A pale yellow precipitate was
isolated by vacuum filtration, washed with copious amount of water and dried in vacuo overnight.
Compound 6 was obtained as pale yellow powder (2.10 g, 76%). 1H NMR (400 MHz, CDCl3):
δ=7.67 (d, J=1.3 Hz, 2H), 7.63-7.66 (m, AA′ of AA′XX′, 2H), 7.51-7.55 (m, XX′ of AA′XX′, 2H),
2.34 (d, J=1.6 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ=187.5, 141.7, 139.2, 134.9, 133.1,
129.4, 23.5 ppm. LDI-MS m/z: 185[M+ +1].

2,7-Diphenyl-4,5-benzotropone (7).
A solution of sodium hydroxide (87 mg, 2.18 mmol) in ethanol (3 mL) was added slowly into a
stirred solution of o-phthalaldehyde (167 mg, 1.25 mmol) and 1,3-diphenylacetone (257 mg,
1.22 mmol) in ethanol (7 mL). With the addition of sodium hydroxide, a color change from dark
yellow to orange was observed. The reaction mixture was then heated to 85 °C for 3 h. The
resulting light yellowish precipitate was cooled in an ice bath, filtered and washed with cold
ethanol and dried in vacuo overnight. Compound 7 was obtained as pale yellowish solid (245 mg,
65%). 1H NMR (400 MHz, CDCl3): δ=7.75 (br s, 2H), 7.70-7.74 (m, AA′ of AA′XX′, 2H), 7.607.62 (m, 4H), 7.56-7.59 (m, XX′ of AA′XX′, 2H), 7.43-7.47 (m, 4H), 7.38-7.42 (m, 2H) ppm. 13C
NMR (101 MHz, CDCl3): δ=187.6, 146.0, 141.1, 139.8, 134.9, 133.8, 130.1, 129.6, 128.4, 128.1
ppm. MALDI-MS m/z: 309[M+ +1].

4,6-Dimethyl-1,2-benzotropylium tetrafluoroborate (8).
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To a stirred solution of dry ether (5 mL) containing 2,7-dimethyl-4,5-benzotropol (76 mg, 0.41
mmol), tetrafluoroboric acid diethyl ether complex (0.19 mL, 1.36 mmol) was added by syringe
rapidly. The colorless solution turned yellow and a yellow precipitate was observed. After 1 h of
stirring, the yellow precipitate was collected by vacuum filtration, washed with dry ether and
dried in vacuo overnight. Compound 8 was obtained as fine yellow powder (77.3 mg, 74%). 1H
NMR (400 MHz, CD3CN): δ=9.55 (br s, 2H), 9.11 (br s, 1H), 8.60-8.63 (m, AA′ of AA′XX′, 2H),
8.43-8.46 (m, XX′ of AA′XX′, 2H), 3.06 (br s, 6 H) ppm.

13

C NMR (101 MHz, CD3CN):

δ=161.1, 160.4, 154.6, 143.9, 138.2, 137.2, 27.6 ppm. UV-Vis (acetonitrile) λmax (nm): 343, 357,
433. MALDI-MS m/z: 169[M+].

2,7-Dimethyl-4,5-benzotropol (9).
A 25 mL round bottom flask was charged with 2,7-dimethyl-4,5-benzotropone (200 mg, 1.09
mmol), H2O (0.25 mL) and THF (10 mL). The resulting mixture was cooled in an ice bath.
Sodium borohydride (411 mg, 10.9 mmol) was gradually added with vigorous stirring. The
reaction mixture was heated to reflux for 23 h. When the mixture was cooled to room
temperature, water (10 mL) was added and the mixture was extracted with chloroform (3×10
mL). The combined organic layers were washed with brine and the solvent was removed by
rotary evaporator and dried in vacuo overnight. Crude 9 was obtained as an colorless oil (225 mg,
111%). 1H NMR (400 MHz, CDCl3): δ=7.33-7.37 (m, AA′ of AA′XX′, 2H), 7.22-7.25 (m, XX′
of AA′XX′, 2H), 6.52 (d, J=1.4 Hz, 2H), 4.23 (d, J=6.6 Hz, 1H), 2.14 (d, J=1.5 Hz, 6H), 1.97 (d,
J=6.6 Hz, 1H) ppm.

13

C NMR (101 MHz, CDCl3): δ=140.8, 135.4, 130.0, 125.9, 124.1, 72.9,

22.4 ppm. LDI-MS m/z: 169[M+ -(OH)].
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5,7-Dimethyl-2,3-benzotropol (10).
A small amount of 2,7-dimethyl-4,5-benzotropol 9 in CDCl3 was mixed with a small amount of
acidic silica gel. The mixture was allowed to sit for 10 minutes and was filtrated by vacuum. The
filtrate was analyzed using both 1H and 13C NMR. 1H NMR (400 MHz, CDCl3): δ= 7.28-7.49 (m,
4H), 6.91 (s, 1H), 5.77 (s, 1H), 4.67 (d, J=5.6 Hz, 1H), 2.24 (d, J=5.6 Hz, 1H), 2.12 (d, J=1.3 Hz,
3H), 2.04 (d, J=1.4 Hz, 3H) ppm.

13

C NMR (101 MHz, CDCl3): δ=139.9, 137.4, 137.0, 133.3,

128.2, 128.2, 128.0, 126.4, 123.13, 122.7, 73.8, 25.0, 19.6 ppm.

2,7-Diphenyl-4,5-benzotropol (11).
A 25 mL round bottom flask was charged with 2,7-diphenyl-4,5-benzotropone (90 mg, 0.29
mmol), H2O (0.12 mL) and THF (5 mL). The resulting mixture was cooled in an ice bath.
Sodium borohydride (110 mg, 2.9 mmol) was gradually added with vigorous stirring. Then the
reaction mixture was heated to reflux for 27 h. When the mixture was cooled to room
temperature, 5 mL water (10 mL) was added and the mixture was extracted with chloroform
(3×5 mL) and the combined organic layers were washed with brine and the solvent was removed
by rotary evaporator and dried in vacuo overnight. Crude 11 was obtained as an colorless oil
(102 mg, 113%). Crude product was used in next step without purification. MALDI-MS m/z:
293[M+ -(OH)].

4,6-diphenyl-1,2-benzotropylium tetrafluoroborate (12).
To a stirred solution of dry ether (5 mL) containing 2,7-diphenyl-4,5-benzotropol (90 mg, 0.29
mmol), tetrafluoroboric acid diethyl ether complex (0.12 mL, 0.87 mmol) was added by syringe
rapidly. The colorless solution turned orange and an orange precipitate was observed. After one
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hour stirring, the orange precipitate was collected by vacuum filtration, washed with dry ether.
After dried under vacuum pump, compound 12 was obtained in fine orange powder (66.7 mg,
61%). 1H NMR (400 MHz, CD3CN): δ=9.93 (d, J=1.9 Hz, 2H), 9.54 (t, J=2.0 Hz, 1H), 8.87-8.91
(m, AA′ of AA′XX′, 2H), 8.56-8.60 (m, XX′ of AA′XX′, 2H), 7.99-8.02 (m, 4H), 7.66-7.73 (m,
6H), ppm.

13

C NMR (101 MHz, CD3CN): δ= 160.0, 157.8, 155.0, 144. 8, 141.7, 139.4, 138.9,

131.3, 130.7, 130.6 ppm. UV-Vis (acetonitrile) λmax (nm): 464.

2,7-Dimethyl-1-phenyl-4,5-benzotropol (13).
To a 50 mL flame dried round bottom flask the following were added: 2,7-dimethyl-4,5benzotropone 6 (200 mg, 1.09 mmol), dry THF (20 mL). Phenyllithium (1.21 mL, 2.18 mmol)
was slowly injected by a syringe to the mixture while stirring. The resulting mixture was stirred
at room temperature for 18 h and quenched with saturated aqueous NH4Cl (10 mL). The organic
layer was separated and the aqueous layer was extracted with EtOAc (3×20 mL). The combined
organic layers were concentrated under reduced pressure. The crude product was purified by
flash column chromatography (silica gel was treated with triethyl amine, hexanes: EtOAc
3:1eluent) to afford 13 as white solid (132 mg, 46%). 1H NMR (400 MHz, CDCl3): δ=7.21-7.18
(m, 2H), 7.05-7.01 (m, AA′ of AA′XX′, 2H), 7.00-6.91 (m, 5H), 6.56 (d, J=1.4 Hz, 2H), 2.21(d,
J=1.4 Hz, 2H), 2.04 (s, 1H) ppm.

4,6-Dimethyl-5-phenyl-1,2-benzotropylium tetrafluoroborate (14).
To a stirred solution of dry ether (10 mL) containing 13 (132 mg, 0.50 mmol), tetrafluoroboric
acid diethyl ether complex (0.21 mL, 1.51 mmol) was added by syringe rapidly. The colorless
solution turned yellow and a yellow precipitate was observed. After 1 h stirring, the yellow
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precipitate was collected by vacuum filtration, and washed with dry ether. After drying in vacuo
overnight, compound 14 was obtained as fine yellow powder (140 mg, 84%). 1H NMR (400
MHz, CD3CN): δ=9.73 (br s, 2H), 8.72-8.67 (m, AA′ of AA′XX′, 2H), 8.53-8.49 (m, XX′ of
AA′XX′, 2H), 7.72-7.68 (m, 2H), 7.53-7.58 (m, 1H), 7.27-7.24 (m, 2H), 2.63 (br s, 6 H) ppm. 13C
NMR (101 MHz, CD3CN): δ=173.85, 160.80, 154.74, 143.76, 142.30, 138.81, 137.29, 130.91,
130.05, 125.91, 29.88 ppm. UV-Vis (acetonitrile) λmax (nm): 342, 398, 420.

4,6-Dimethyl-5-hydroxyl-1,2-acenotropylium Tetrafluoroborate (15).
To a stirred solution of dry ether (10 mL) containing 6 (500 mg, 2.73 mmol), tetrafluoroboric
acid diethyl ether complex (1.18 mL, 8.15 mmol) was added with a syringe rapidly. The
colorless solution turned to yellow-green and a precipitate was observed. After 1 h of stirring, the
precipitate was collected by vacuum filtration, and washed with dry ether. After drying in vacuo
at 55 °C overnight, 15 was obtained as fine yellow-green powder (371 mg, 55%). 1H NMR (400
MHz, CD3CN): δ=9.66 (br s, 1H), 8.35 (s, 2H), 7.99-7.95 (m, AA′ of AA′XX′, 2H), 7.87-7.83 (m,
XX′ of AA′XX′, 2H), 2.44 (br s, 6 H) ppm. 13C NMR (101 MHz, CD3CN): δ=184.0, 147.1, 140.0,
136.4, 134.5, 132.3, 22.8 ppm.

Naphthalene-2,3-diyldimethanol (16).
A 100 mL round-bottomed flask was charged with naphthalene-2,3-dicarboxylic acid (1.47 g,
6.84 mmol) and THF (10 mL). The resulting mixture was cooled to 0 ˚C and BH3·THF (17.8 mL
of a 1 M solution, 17.8 mmol) was added dropwise via syringe. After addition of BH 3·THF was
complete, the reaction mixture was warmed to room temperature and allowed to stir for 24 h.
The resulting mixture was cooled to 0 °C and quenched by dropwise addition of a 1:1 mixture of
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THF:H2O (10 mL). Solid K2CO3 was added until the aqueous and organic layers separated. The
resulting mixture was transferred to a separatory funnel. The organic layer was collected, and the
aqueous layer was extracted with THF (2×10 mL). The organic layers were combined, dried with
anhydrous Na2SO4, filtered and concentrated via rotary evaporation. The residue was dried in
vacuo to give 1.33 g of 16 (103% crude) as a white solid, which was used without further
purification. The yield was over 100% because there was residual K2CO3. 1H NMR (400 MHz,
DMSO-d6): δ=7.89 (s, 2H), 7.86-7.88 (m, AA′ of AA′XX′, 2H), 7.44-7.47 (m, XX′ of AA′XX′,
2H), 5.27 (t, J=6.0 Hz, 2H), 4.72 (d, J=5.0 Hz, 2H) ppm. 13C NMR (101 MHz, DMSO): δ=138.2,
132.1, 127.4, 125.6, 124.9, 60.7, 39.5 ppm.

Naphthalene-2,3-dicarboxaldehyde (17).
A 25 mL round bottom flask was charged o-phthalaldehyde (1.00 g, 7.46 mmol), 2,5dimethoxytetrahydrofuran (0.99 g, 7,46 mmol), glacial acetic acid (1 mL), H2O (1.5 mL), and
piperidine (1 drop). The resulting yellow mixture was refluxed for 24 h. After cooling to room
temperature, a light red precipitate was isolated by vacuum filtration and was washed
successively with HCl (10%), water and diethyl ether and dried in vacuo for 24 h. Red solid was
obtained (470 mg). 1H NMR reveals that it is a mixture of 17 and 21 with a ratio of 3:1.
Sublimation at 130 °C of the solid gave 17 as a colorless crystal (347 mg, 25%). 1H NMR (400
MHz, CDCl3): δ=10.65 (s, 2H), 8.47 (s, 2H), 8.04-8.06 (m, AA′ of AA′XX′, 2H), 7.73-7.75 (m,
XX′ of AA′XX′, 2H) ppm.

C NMR (101 MHz, CDCl3): δ=192.7, 134.7, 133.0, 130.3, 129.9

13

ppm.

2,7-Dimethyl-4,5-naphthotropone (18).
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A solution of potassium hydroxide (42 mg, 0.75 mmol) in ethanol (10 mL) was added slowly
into a 25 mL round bottom flask charged with naphthalene-2,3-dicarboxaldehyde (69 mg, 0.375
mmol) and 3-pentanone (35.5 mg, 0.43 mmol). The reaction mixture was heated to 85 °C for 6 h.
The mixture was allowed to cool and a light yellow precipitate was filtered, washed with cold
ethanol and dried in vacuo overnight. The crude product was purification by flash column
chromatography (hexane:EtOAc 10:1 as eluent) to give 18 (82.1 mg, 94%). 1H NMR (400 MHz,
CDCl3): δ=8.03 (s, 2H), 7.92-7.88 (m, AA′ of AA′XX′, 2H), 7.66 (s, 2H), 7.58-7.53 (m, XX′ of
AA′XX′, 2H), 2.31 (s, 6H) ppm.

13

C NMR (101 MHz, CDCl3): δ=188.3, 139.5, 139.3, 133.2,

132.8, 132.5, 128.1, 127.6, 23.4 ppm.

2,7-Dimethyl-4,5-naphthotropol (19).
To a 50 mL round bottom flask, 2,7-dimethyl-4,5-naphthotropone (56 mg, 0.242 mmol), H2O
(0.5 mL) and THF (20 mL) were added and the resulting mixture was cooled in an ice bath.
Sodium borohydride (91.6 mg, 2.42 mmol) was gradually added with vigorous stirring. The
reaction mixture was heated to reflux for 24 h. After the mixture was cooled to room temperature,
water (10 mL) was added and the mixture was extracted with chloroform (3×20 mL). The
combined organic layers were washed with brine and the solvent was removed by rotary
evaporator and dried in vacuo overnight. Crude 19 was obtained as a white solid (65.7 mg,
115%). Purification was performed by flash column chromatography (neutral Al2O3 with
hexanes:EtOAc 5:1 eluent), however 18 was recovered. Considered that no 18 signal was
observed in crude NMR, it was proposed that 19 readily oxidizes to its ketone form in air. Crude
product was used in the next step without purification. 1H NMR (400 MHz, CDCl3): δ=7.83-7.79
(m, 4H), 7.46-7.42 (m, XX′ of AA′XX′, 2H), 4.42 (d, J=8.0 Hz, 2H), 2.20 (s, 6H), 1.54 (d, J=8.0
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Hz, 1H) ppm. 13C NMR (101 MHz, CDCl3): δ=142.6, 133.4, 131.7, 128.8, 127.7, 126.1, 125.4,
73.3, 23.6 ppm. MALDI-MS m/z: 219[M+ -(OH)].

4,6-Dimethyl-1,2-naphthotropylium tetrafluoroborate (20).
To a stirred solution of dry ether (5 mL) containing 2,7-dimethyl-4,5-naphthotropol (57 mg, 0.24
mmol), tetrafluoroboric acid diethyl ether complex (0.10 mL, 0.72 mmol) was added by syringe
rapidly. The colorless solution turned green and a precipitate was observed. After 1 h of stirring,
the precipitate was collected by vacuum filtration, washed with dry ether and dried in vacuo
overnight in vacuum oven. Compound 20 was obtained as fine green to blue powder (38.5 mg,
52%). 1H NMR (400 MHz, CD3CN): δ=9.70 (br s, 2H), 9.49 (br s, 1H), 9.08 (br s, 2H), 8.518.48 (m, AA′ of AA′XX′, 2H), 8.09-8.06 (m, XX′ of AA′XX′, 2H), 3.04 (br s, 6 H) ppm.

13

C

NMR (101 MHz, CD3CN): δ=161.1, 160.4, 154.6, 143.9, 138.2, 137.2, 27.6 ppm. UV-Vis
(acetonitrile) λmax (nm): 376，387, 608.

Anthracene-2,3-dicarboxaldehyde (21).
A 50 mL round bottom flask was charged with o-phthalaldehyde (2.00 g, 15 mmol), 2,5dimethoxytetrahydrofuran (4.00 g, 15 mmol), glacial acetic acid (1.5 mL), H2O (1.5 mL), and
piperidine (2 drops). The resulting yellow mixture was refluxed for 24 h. Upon cooling, the dark
red precipitate was vacuum filtered and washed successively with 10% HCl, water, methanol and
ether. After drying compound 21 was obtained as a red solid (433 mg, 12%). 1H NMR (400 MHz,
CDCl3): δ=10.64 (s, 2H), 8.62 (s, 2H), 8.60 (s, 2H), 8.09-8.12 (m, AA′ of AA′XX′, 2H), 7.637.66 (m, XX′ of AA′XX′, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ=192.6, 136.6, 134.0, 132.2,
131.1, 129.8, 128.9, 128.0 ppm.
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2,7-Dimethyl-4,5-anthracenotropone (22).
A solution of potassium hydroxide (69 mg, 1.24 mmol) in ethanol (10 mL) was added slowly
into a 25 mL flask charged with anthracene-2,3-dicarboxaldehyde (146 mg, 0.62 mmol) and 3pentanone (64 mg, 0.74 mmol). The reaction mixture was heated to 85 °C for 8 h. When the
mixture was cooled to room temperature, a red precipitate was filtered and washed with cold
ethanol and dried in vacuo overnight to give 22 (115 mg, 65%). 1H NMR (400 MHz, CDCl3):
δ=8.55 (s, 2H), 8.30 (s, 2H), 8.06-8.03 (m, AA′ of AA′XX′, 2H), 7.74 (s, 2H), 7.53-7.51 (m, XX′
of AA′XX′, 2H), 2.34 (s, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ=188.7, 139.4, 138.7, 133.4,
132.8, 132.1, 130.9, 128.5, 126.8, 126.4, 23.2. ppm. MALDI-MS m/z: 284[M+].

2,7-dimethyl-4,5-anthracenotropol (23).
A 50 mL round bottom flask was charged with 2,7-dimethyl-4,5-anthracenotropone (50 mg,
0.176 mmol), H2O (0.5 mL), and THF (20 mL). The resulting mixture was cooled in an ice bath.
Sodium borohydride (99.8 mg, 2.62 mmol) was gradually added with vigorous stirring. The
reaction mixture was heated to reflux for 24 h. When the mixture was cooled to room
temperature, water (10 mL) was added and the mixture was extracted with chloroform (3×20
mL). The combined organic layers were washed with brine and the solvent was removed by
rotary evaporator and dried in vacuo overnight. Crude 23 was obtained as an orange solid (56
mg, 93%). Crude product was used in next step without purification. 1H NMR (400 MHz,
CDCl3): δ=8.39 (br s, 2H), 7.99-7.96 (m, 4H), 7.44-7.42 (m, XX′ of AA′XX′, 2H), 6.75(s, 2H),
4.47 (s, 2H), 2.22 (d, J=4.0 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ=142.8, 1323.0, 132.0,
130.2, 129.0, 128.3, 126.1, 125.9, 125.4, 73.5, 24.1 ppm. MALDI-MS m/z: 269[M+ -(OH)].
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4,6-Dimethyl-1,2-anthracenotropylium tetrafluoroborate (24).
To a stirred solution of dry ether (5 mL) containing 2,7-dimethyl-4,5-anthracenotropol (24 mg,
0.084 mmol), tetrafluoroboric acid diethyl ether complex (0.04 mL, 0.252 mmol) was added by
syringe rapidly. The orange solution turned to green and a precipitate was observed. After 1 h
stirring, the precipitate was collected by vacuum filtration, and washed with dry ether. After
driying in vacuo at 55 °C overnight in a vacuum oven, compound 24 was obtained as a dark
green solid (23 mg, 77%). Due to short life time in solution, NMR data was not obtained. UVVis (acetonitrile) λmax (nm): 403, 438, 800.

2,3;6,7-Diepoxy-2,7-dimethyl-4,5-benzotropone (26).
To a 25 mL flask with 2,7-dimethyl-4,5-benzotropone 6 (200 mg, 1.09 mmol) in solution of
sodium hydroxide MeOH/H2O (10 mL, 4:1), hydrogen peroxide 30% (0.33 ml, 3.27 mmol) was
added at 0 °C. The mixture was stirred for 10 h and another portion of hydrogen peroxide (0.33
mL) was added. After overall 50 h, most of the solvent was removed with a rotary evaporator
and the residual was extracted with EtOAc (3×10 mL). The organic layers were combined and
the solvent was removed under reduced pressure. The crude product was purified by flash
column chromatography (silica gel treated with triethyl amine) (hexanes: EtOAc 10:1eluent) to
afford 26 as a white solid (94 mg, 40%). 1H NMR (400 MHz, CDCl3): δ=7.60-7.56 (m, AA′ of
AA′XX′, 2H), 7.46-7.40 (m, XX′ of AA′XX′, 2H), 3.92 (s, 2H), 1.69 (s, 6H) ppm.
(101 MHz, CDCl3): δ=203.5, 133.6, 133.1, 129.6, 69.6, 66.1, 19.8 ppm.
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13

C NMR

2-((R)-hydroxyl(phenyl)methyl)-1-((S)-bromo(phenyl)methyl)benzene (27) and (28) (a pair
of enantiomers: 1,2-bis((R)-hydroxyl(phenyl)methyl)benzene and 1,2-bis((S)-hydroxyl
(phenyl)methyl)benzene).
To a 50 mL flame dried flask with o-phthalaldehyde (200 mg, 1.49 mmol) in dry THF (20 mL)
phenyllithium (3.31 mL, 5.96 mmol) was injected slowly by a syringe. The resulting mixture was
stirred at room temperature for 3 h and was quenched by saturated aqueous NH4Cl (10 mL). The
organic layer was separated and aqueous layer was extracted with EtOAc (3×20 mL). The
organic layers were combined and the solvent was removed under reduced pressure. Crude
product was purified by flash column chromatography (hexanes:EtOAc 3:1 to 4:1 eluent) to
afford 27 (217 mg, 50%) and 28 (175mg, 40%) as white solid. 1H NMR (400 MHz, CDCl3): δ=
27: 7.33-7.24 (m, 10H), 7.21-7.17 (m, AA′ of AA′XX′, 2H), 7.10-7.06 (m, XX′ of AA′XX′, 2H),
6.16 (s, 2H), 3.49 (s, 2H) ppm; 28: 7.31-7.19 (m, 15H) (overlap with CDCl3), 5.90 (s, 2H), 3.41
(s, 2H) ppm. 13C NMR (101 MHz, CDCl3): δ= 27: 142.6, 141.7, 128.5, 128.2, 127.6, 126.9, 72.2,
29.9 ppm; 28: 142.9, 141.5, 129.3, 128.5, 128.3, 127.5, 126.5, 73.7 ppm. MALDI-MS m/z:
256[M+ -2(OH)].

1,2-Bis(bromo(phenyl)methyl)benzene (29) and 9-phenylanthracene (30).
To a 25 mL flame dried flask with 27 (50 mg, 0.172 mmol) in dry toluene (10 mL) phosphorus
tribromide (0.02 mL, 0.21 mmol) was injected slowly with a syringe. The resulting mixture was
stirred at room temperature for 2 h and quenched with water (10 mL). The organic layer was
separated and the aqueous layer was extracted with EtOAc (3×10 mL). The organic layers were
combined and solvent was removed under decreased pressure. The crude product was purified by
flash column chromatography (hexanes:EtOAc 95:5 eluent) to afford a mixture of 29 and 30.
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Hexanes were used to flash a second column chromatography to separate and give white solid 29
(26.8 mg, 37%) and white gel with blue fluorescence 30 (14.3 mg, 20%). 1H NMR (400 MHz,
CDCl3): δ= 29: 7.45-7.23 (m, 27H), 7.15-7.11 (m, AA′ of AA′XX′, 2H), 7.05-7.02 (m, XX′ of
AA′XX′, 2H), 6.64 (s, 2H), 6.21 (s, 2H) ppm; 30: 8.53 (s, 1H), 8.09 (s, 2H), 8.07 (s, 2H), 7.74 (s,
2H), 7.72 (s, 2H), 7.65-7.54 (m, 3H), 7.52-7.47 (m, 4H), 7.41-7.37 (m, 2H) ppm.

13

C NMR

(101 MHz, CDCl3): δ=30: 139.1, 137.3, 131.6, 131.5, 130.5, 128.6, 128.6, 127.7, 127.1, 126.8,
125.6, 125.4 ppm.
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